Aurora kinases are involved in the pathophysiology of several cancers including acute myeloid leukemia (AML). In this phase 1 study, we investigated the safety and efficacy of AMG 900, an orally administered, highly potent, selective, small-molecule inhibitor of both Aurora kinase A and B, in patients with AML . Patients with pathologically documented AML who either declined standard treatments or had relapsed from or were refractory to previous therapies were enrolled. Two every-2-week dose-escalation schedules using a modified 3 1 3 1 3 design were evaluated AMG 900 given daily for 4 days with 10 days off (4/10 schedule), and AMG 900 given daily for 7 days with 7 days off (7/7 schedule). Thirty-five patients were enrolled at 9 different dose levels: 22 patients on the 4/10 schedule (doses from 15 to 100 mg daily), and 13 patients on the 7/7 schedule (doses from 30 to 50 mg daily). Both schedules were tolerated; nausea (31%), diarrhea (29%), febrile neutropenia (29%), and fatigue (23%) were the most common treatment-related adverse events. Three patients (9%) achieved complete response with incomplete count recovery. Patients with higher baseline expression of a set of specific pathway-related genes (BIRC5, AURKA, TTK, CDC2, and CCNB1) were more likely to respond in an exploratory biomarker analysis. AMG 900 was tolerated in a general AML population, and pathway-specific biomarkers identified a potential target population. Future research efforts will be directed toward further exploration of biomarkers of response and combination of AMG 900 with other anticancer agents.
breast cancer 18 cell lines, as well as single agent activity in heavily pretreated patients with chemotherapy-resistant/refractory solid tumors. [19] [20] [21] It was hypothesized that an oral agent with this profile might provide a broader therapeutic window than other agents in the class for both solid and hematologic malignancies, and that biomarkers of response linked to the pathway of interest could be identified.
The primary objectives of this phase 1, open-label, multicenter, sequential dose escalation study were to evaluate the safety and tolerability of AMG 900, its pharmacokinetics after multiple oral administrations, the optimal dose schedule, and to determine the maximum 
| M E T H O D S 2.1 | Patients
Eligible patients were 18 years of age with pathologically documented AML who either declined standard therapy or had relapsed from or were refractory to previous therapies. Patients also had an Eastern
Cooperative Oncology Group (ECOG) performance status of 2 and a life expectancy > 3 months in the opinion of the investigator. Patients were excluded if they had a white blood cell count greater than 20 3 10 3 /lL; clinically significant bleeding within 2 weeks of screening (e.g., gastrointestinal bleeds, intracranial hemorrhage) or active peptic ulcer disease; prior allogeneic stem cell transplantation; or unresolved nonhematologic toxicities from prior antitumor therapy (with the exception of alopecia or toxicities that had been present and stable for > 6 months).
This study (ClinicalTrials.gov: NCT01380756) was conducted in accordance with the United States Food and Drug Administration and the International Conference on Harmonisation Good Clinical Practice regulations/guidelines. The independent ethics committee/institutional review board at each study center approved the protocol, the proposed informed consent form, and other written information provided to patients. All patients provided written informed consent.
| Study design
This was a phase 1, multicenter, open-label, sequential dose escalation study evaluating AMG 900 in patients with AML. The study was to be conducted in two parts: dose escalation followed by dose expansion. In the dose escalation phase, AMG 900 was to be administered daily for 4 days every 2 weeks (4 days on/10 days off or 4/10 schedule) at doses of schedule, the more intensive 7/7 schedule was initiated with the aim of providing a more prolonged exposure to the drug. Based on pharmacokinetic modeling and clinical safety data, the cumulative dose per month for the 7/7 schedule had to be equivalent or lower than that of the 4/10 schedule (Supporting Information Table S1 ).
| Dose escalation
Dose escalation was conducted using a modified 3 1 3 1 3 design (some flexibility in the number of patients enrolled in each dose cohort was allowed to avoid study delays associated with the need for patient replacement). DLT assessment (criteria listed in Supporting Information Table S2 ) occurred during the first 28 days (i.e., first two cycles) of AMG 900 dosing. If no DLT was observed in the initial 3-4 patients of a cohort, the dose was to be escalated in the next cohort; if one DLT was observed, 2-3 additional patients were to be enrolled at the same dose level for a total of at least six patients at that dose level; if no further DLTs were observed, the dose was to be escalated in the next cohort; however, if a second DLT was observed, additional patients were to be enrolled at the same dose level for a total of up to nine patients (consistent with the 3 1 3 1 3 design). If no further DLTs were observed, the dose was to be escalated in the next patient cohort.
If 3 DLTs were observed at any dose level, enrollment was to stop.
The MTD was defined as the highest dose at which < 33% of the patients enrolled in a cohort experienced a DLT.
Due to the nature of AML, hematologic adverse events (AEs) were not considered DLTs; however, prolonged pancytopenia in the presence of a hypocellular bone marrow (i.e., cellularity 5% or less without evidence of leukemia) > 42 days in duration from the start of therapy was considered dose-limiting myelosuppression. If 33% of patients in any dose cohort fit these criteria, the dose level review committee was to convene with the investigators to discuss dose or schedule modifications and/or termination of dosing at that particular dose level. In all cohorts, patients were to continue to receive treatment until disease progression, an unacceptable AE, or withdrawal of consent.
| Endpoints
The primary endpoints of this study were related to the safety (patient 
| Safety and tolerability
AEs were assessed at regular study visits. The patient incidence of AEs was summarized for all treatment-emergent, serious treatmentemergent, treatment-related, serious treatment-related, and fatal AEs,
and AEs leading to withdrawal of investigational product. The Medical Dictionary for Regulatory Activities version 17.1 was used to code all AEs to a system organ class and a preferred term, and the severity of each AE was graded using Common Terminology Criteria for Adverse Events (CTCAE) version 4.0.
| Pharmacokinetics
Blood samples for pharmacokinetic analysis were taken predose and 1, 2, and 4 hours postdose on days 1 and 4 (4/10 schedule) or days 1 and 7 (7/7 schedule) of cycle 1, and predose and at 2 hours postdose on day 1 of cycles 2, 3, and 4. AMG 900 concentration was measured using a validated liquid chromatography-tandem mass spectroscopy method with a quantitation range of 20.0 to 10 000 ng/mL.
| Pharmacodynamics
The pharmacodynamic effect of AMG 900 was measured in peripheral blood leukemic blasts using a flow cytometric assay to assess pHH3 and cell cycle in whole blood. Briefly, red blood cell-lysed/fixed/permeabilized blood was labeled with antibodies specific for pHH3 (mitosis marker, Alexa
Fluor 647, Cell Signaling Technologies, Danvers, MA) and DAPI (DNA content, Cell Signaling Technologies). The change from baseline in the percentage of pHH3-positive cells in the G2/M phase was summarized by dose.
| Biomarkers
Bone marrow mononuclear cells collected at baseline were analyzed using the Agilent microarray (Agilent Human Whole Genome 4x180K v2, Agilent Technologies, Santa Clara, CA). Gene expression results were log2 transformed and quantile normalized prior to analysis. A subset of genes was analyzed for the primary biomarker objective of determining the association of baseline expression and response. The genes of primary interest were AURKA, AURKB, TP53, CDKN1A, BIRC5, CDC2, TTK, and CCNB1.
| Statistical analysis
Pharmacokinetic parameters were estimated using standard noncompartmental methods and summarized by dose and across cycle. Individual plasma AMG 900 concentration-time profiles were summarized by dose.
The proportion of patients with an objective response (PR 1 CR) and corresponding 2-sided 80% confidence intervals were calculated. 23 A univariate logistic regression model of objective response (CR or PR) was fit to the baseline biomarker results. Model significance was determined by the likelihood ratio test P-value being less than the Benjamini-Hochberg threshold for 5% false discovery. The effect sizes of gene expression were estimated using odds ratios with 95% confidence intervals, along with a P-value for the estimate. Principal component analyses 24 of the z-scores
for genes of interest were used to further explore expression signatures.
| R E S U L T S 3.1 | Patient enrollment and disposition
This study was conducted between October 2011 (first patient enrolled) and September 2014 (last patient completed follow-up). A total of 49 patients were screened and 35 were enrolled: 22 patients to the 4/10 dose schedule and 13 patients to the 7/7 dose schedule.
All 35 patients discontinued treatment. The median (range) duration of treatment was 5 (1, 27) weeks. The most common reasons for discontinuation were disease progression (66%), AEs (11%), death (9%), withdrawal of consent (6%), other reasons (6%), and requirement for alternative therapy (3%). The dose expansion phase was not initiated for reasons discussed below.
| Baseline demographics and disease characteristics
The median (Q1, Q3) age of patients was 69 (61, 73) years, and over two-thirds (69%) were 65 years of age (Table 1) . Most patients had an ECOG status of 0 or 1 (83%), and the median (Q1, Q3) time since diagnosis of AML was 7 (4, 17) months. Nineteen (54%) patients had received 3 or more lines of therapy, 9 (26%) had received 2 lines, and 7
(20%) had received 1 line. Cytogenetic categories were as follows: normal (34%), complex (3 or more abnormalities) (26%), 27 and/or inv(3) (11%), and other abnormality/ies (23%). One patient (3%) had insufficient metaphases to allow determination of abnormalities. See Table 1 for distribution by dose and schedule.
| Exposure
All 35 patients enrolled in the study received 1 dose of AMG 900. 
| Safety and tolerability
AMG 900 was evaluated at nine different levels across the two dose schedules (up to 100 mg for the 4/10 schedule and up to 50 mg for the 7/7 schedule). The 125 mg and 150 mg doses in the 4/10 schedule and the 60 mg and 75 mg doses in the 7/7 schedule were not tested.
There were two DLTs based on the protocol definitions: one patient who received 40 mg AMG 900 on the 4/10 schedule had a DLT of grade 3 pancytopenia on day 22 that was considered by the investigator to be treatment-related; and one patient who received 50 mg AMG 900 on the 7/7 schedule had two DLTs (grade 3 treatment-related febrile neutropenia and grade 3 abdominal pain on day 82) ( Table 2 ). None of the DLTs met the criteria for a serious AE by the CTCAE definition.
A total of 30 patients (86%) had treatment-related AEs ( Table 2 ).
The most common treatment-related AEs (in 10% of patients overall, any grade) were nausea (31%), diarrhea (29%), febrile neutropenia (29%), fatigue (23%), vomiting (17%), alopecia (14%), dyspnea (11%), epistaxis (11%), mucosal inflammation (11%), and rash (11%). The most common grade 3 treatment-related AE was neutropenia in 10 patients (29%); all other grade 3 treatment-related AEs occurred in two patients each (6%). A total of 11 patients (31%) had serious treatment-related AEs; the most common (occurring in 5% of patients) were febrile neutropenia (26%), device-related infection (6%), and septic shock (6%). The median (range) duration of febrile neutropenia was 8 (1, 45) days.
Five patients (14%) discontinued AMG 900 treatment due to AEs of cellulitis (left lower extremity, considered related to treatment), septic shock, lung infection, and acute myocardial infarction in one patient each (considered not related to treatment), and bronchopulmonary aspergillosis (considered related to treatment) and pneumonia in one patient (considered not related to treatment). The patient with pneumonia and bronchopulmonary aspergillosis had in addition a serious AE of febrile neutropenia during the same period that was considered related to treatment.
Nine patients (26%) died during the study. These deaths occurred due to lung infection and respiratory failure (two patients each), and acute respiratory failure, cardiorespiratory arrest, respiratory distress, sepsis, and septic shock (one patient each). Only the deaths due to respiratory failure and septic shock (one patient each) were considered treatment-related.
| Pharmacokinetics
The mean plasma concentration, C max , and AUC of AMG 900 generally increased with increasing dose (Figure 1 and Supporting Information 
a Cytogenetic report from one patient was from 2 months before baseline.
Abbreviations: ECOG PS, Eastern Cooperative Oncology Group Performance Status.
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accumulation ratio (cycle 1 day 4/cycle 1 day 1) for C max ranged from 1.03 to 1.85, while the mean accumulation ratio for AUC 4h ranged from 1.11 to 1.72. Clearance and half-life could not be estimated due to the limited duration of monitoring.
| Pharmacodynamics
Peripheral blood samples from 31 of the 35 patients were analyzed for characterization of pHH3 and DNA content. Baseline numbers of pHH3-positive leukemia cells before treatment were highly variable between patients; however, a clear inhibition of pHH3 expression was observed in whole blood as early as 1 hour after treatment with AMG 900 (Supporting Information Table S4 ). This inhibition was most prominent in cases where higher numbers of pHH3-positive cells were present at baseline, regardless of the dosing schedule (4/10 or 7/7) (Supporting Information Figure S1 ). Inhibition was transient, and the numbers of pHH3-positive cells increased during the off-treatment days.
| Efficacy
Three patients (9%) in the 4/10 dose schedule (two patients at 40 mg and one patient at 60 mg) had a best response of complete response with CRi by Cheson criteria; no other responses were observed.
Overall, the objective response rate for all patients treated with AMG 900 at any dose and in either schedule was 9% (80% confidence interval: 3%, 18%). In the three patients who responded to AMG 900, the duration of response was 3 months, 1.5 months (censored observation due to discontinuation of AMG 900 due to requirement for other therapy), and < 1 month.
| Biomarkers
At baseline, gene expression results (Agilent, Human Whole Genome)
were available for 24 patients, and bone marrow aspirates (pHH3)
were available for 14 patients. Higher baseline expression of five biomarkers, BIRC5, AURKA, TTK, CDC2, and CCNB1, was associated with the three CRi responses in univariate logistic regression models (all P < .021, the false discovery threshold) ( Table 3 ). These analyses were exploratory and hypothesis generating, and the study was not powered to detect a certain OR with a confidence interval excluding 1. Nevertheless, the univariate analyses did produce well-fitting models of response, and the P-values were robust to multiple testing. Given the small number of responders, additional data would be needed to confirm the effects observed.
Baseline gene expression was used to look for multivariate stratifying signatures with principal component analysis. The first two principal (14) 1 (25) 
Treatment-related adverse events by grade Grade 3 2 (50)
Grade 3 treatment-related adverse events Febrile neutropenia ) components accounted for at least 80% of the expression variance.
Patients with AML clustered into two groups, one of which (higher levels of expression of BIRC5, CCNB1, AURKB, AURKA, CDC2, and TTK)
was enriched for responders (Supporting Information Figure S2 ).
| DISCUSSION
Patients with relapsed/refractory AML have limited treatment options. Response rates to aggressive re-induction therapy are 20% to 30%, but as AML is primarily a disease of older adults, few patients can tolerate these approaches, and they opt instead for less aggressive treatment or palliative care. In this phase 1 study in a heavily pretreated group of patients with AML who had declined standard therapy or had relapsed from or were refractory to previous therapies, AMG 900 monotherapy was associated with manageable nonhematologic toxicity and modest antileukemic activity, although patients whose leukemia cells expressed a specific set of genes related to the aurora kinase and downstream pathways were enriched for responders. Prolonged cytopenias prevented further dose escalation, and the dose expansion phase of the study was not initiated. The results highlight the challenge of identifying a therapeutic window for AMG 900 in which a given dose and a dosing schedule can achieve selective antitumor activity without excessive myelosuppression.
AMG 900 was engineered to have a high specificity for both of the target aurora kinases while evading the ATP-binding cassette transporters, 25 to have efficacy in multiple tumor xenograft models at reasonable doses, and to have predicted human pharmacokinetic properties that would provide adequate target coverage. 26 Aurora B phosphorylates histone H3 on serine 10 during mitosis; hence the inhibition of pHH3 observed in this study suggests on-target modulation of aurora kinase B by AMG 900. In an effort to achieve maximal target coverage, we evaluated escalating doses using two administration schedules: 4 days on/10 days off and 7 days on/7 days off. Pharmacokinetic data were insufficient to accurately determine the linearity and exposure of AMG 900; however, the mean C max and AUC generally increased with increasing dose for both schedules and minimal accumulation was observed. Clearance and elimination half-life could not be accurately estimated with noncompartmental analysis at the individual dose levels due to the limited plasma sampling. Further analysis with a population modeling approach would be needed to fully evaluate the pharmacokinetic characteristics of AMG 900.
Two patients had DLTs in this study, including grade 3 pancytopenia and grade 3 neutropenia/abdominal pain. The MTD of AMG 900
was not formally reached in either dosing schedule because the criterion of > 33% of patients in a single dose cohort experiencing a DLT was not met. The highest doses evaluated were 100 mg daily for the 4/10 schedule and 50 mg daily for the 7/7 schedule, both of which were tolerated, apart from hematologic AEs. The incidence of grade 3 febrile neutropenia was 29% overall in this study, a rate comparable to those reported in studies of other aurora kinase inhibitors, including the selective Aurora kinase B inhibitor barasertib 27, 28 and the selective Aurora kinase A inhibitor alisertib. 29 The findings of pancytopenias are also consistent with aurora kinase inhibitor class effects. 30 The response rate observed in this study was 9% consisting of three patients with CRi, generally comparable to that observed with other molecules in this class, though lower than that observed with alisertib. 27, 29, [31] [32] [33] We did not observe a dose effect on efficacy or on pHH3 inhibition despite a large range of explored doses in the 4/10 regimen and a clear impact of AMG 900 dose on AUC. Thus, despite the described dose-concentration effect, we were not able to observe a concentration-effect relationship within the patient sample evaluated in this study.
Highlighting the importance of identifying biomarkers of response in heterogeneous cancers such as AML, AMG 900 elicited significant changes in pathway-related genes, and baseline levels of a subset of genes allowed enrichment for the three responders. Due to the small sample size and limited number of responders, these results must be interpreted with caution and explored further in larger trials.
Though antileukemic responses in this single-agent setting were modest, it is possible that combining tolerable doses of AMG 900 with additional agents that inhibit cell division through other mechanisms may produce more profound effects. Preclinical data suggest AMG 900 enhances the effect of microtubule-targeting agents such as paclitaxel, carboplatin, and doxorubicin 17, 18 and this approach is supported by data from combination therapy with other aurora kinase inhibitors. [34] [35] [36] [37] Evaluation of AMG 900 in combination with other agents is an appropriate next step in the development of this molecule as a treatment for AML. 
